Exogenously added phosphatidylinositol 4,5-bisphosphate (PtdInsP2) is rapidly associated with cerebralcortical membranes. Substrate association with membranes was promoted by Mg2", but inhibited by bivalent chelators. Once associated with the membrane, the PtdInsP2 was resistant to displacement by EDTA. The apparent phospholipase C activity was dependent on the degree of association of substrate with membranes. After preincubation of membranes with substrate, PtdInsP2 hydrolysis was independent of the incubation volume, indicating that substrate and membrane-associated phospholipase C were not independently diluted. ineffective. These results demonstrate that exogenously added PtdInsP2 substrate is rapidly associated with membranes and hydrolysed by a phospholipase C whose activity is regulated by guanine nucleotides and agonist in the presence of guanine nucleotides. Use of exogenously added substrate for studies on the regulation of membrane phospholipase C requires consideration as to possible effects of incubation conditions on the partitioning of substrate into membranes.
INTRODUCTION
The phosphoinositide-phospholipase C system has been implicated in the mechanism involved in agonistpromoted elevation of cytosolic Ca2l concentration and activation of protein kinase C (Michell, 1975; Berridge & Irvine, 1984; Hokin, 1985; Nishizuka, 1986) . Guanine nucleotides activate a PtdInsP2-specific phospholipase C activity and promote agonist stimulation of phospholipase C activity (Haslam & Davidson, 1984; Cockcroft & Gomperts, 1985; Uhing et al., 1986; Straub & Gershengorn, 1986; Harden et al., 1987) . The rank order potency in promoting agoniststimulation of phospholipase C has been shown to be GTP[S] > pG [NH] pp > GTP, suggesting, by analogy to the adenylate cyclase system, that guanine nucleotides promote activation of phospholipase C through the involvement of a regulatory G protein.
Exogenously added substrate has been used to study regulation of phospholipase C activity by serotonin (5-hydroxytryptamine) in blowfly salivary-gland membranes , by guanine nucleotides in cerebral-cortical membranes (Litosch, 1987) , by carbachol in pig coronary-artery membranes (Sasaguri et al., 1985) , by vasopressin in rat liver membranes (Taylor & Exton, 1987) , by noradrenaline in DDT1 MF-2 cell membranes (Fulle et al., 1987) , by guanine nucleotides in rat aorta membranes (Roth, 1987) , by thrombin in fibroblasts (Magnaldo et al., 1987) and by bombesin in MDCK membranes (Portilla et al., 1988) , to cite a few examples. The incubation conditions used in these studies differ from each other in the nature of the substrate presented: PtdInsP2 alone (Sasaguri et al., 1985; Litosch, 1987; Fulle et al., 1987; Roth, 1987) or in a mixed micelle (Taylor & Exton, 1987; Magnaldo et al., 1987; Portilla et al., 1988) , inclusion of low concentrations of detergent (Taylor & Exton, 1987; Fulle et al., 1987) , and the buffers used in the assay. In general, these studies have demonstrated that membrane phospholipase C activity was activated by Ca2l and that guanine nucleotides were required for the demonstration of agonist stimulation of phospholipase C activity. The similarity of these findings with studies conducted on prelabelled membranes suggests that exogenous substrate is a viable alternative method to study the regulation of membrane-associated phospholipase C activity.
The mechanism underlying phospholipase C action on exogenously added substrate has, however, not been addressed. subsequently hyedrolysed by the membrane enzyme (de Winter et al., 1987; Lenting et al., 1987) . Similarly, hydrolysis of exogenously added gangliosides by a membrane sialidase has also been demonstrated to occur after the ganglioside micelle has associated with membranes (Scheel et al., 1982 (Scheel et al., , 1985 .
The present studies were therefore undertaken to ascertain the nature of the interaction of membrane phospholipase C with exogenously added PtdInsP2 in cerebral-cortical membranes, which have previously been shown to express a guanine-nucleotide-regulated phospholipase C activity (Litosch, 1987 ). These results demonstrate that exogenously added PtdInsP2 becomes rapidly associatect with membranes and is hydrolysed by phospholipase C.
MATERIALS AND METHODS
Cerebral-cortical membranes were prepared as previously described (Litosch, 1987) . In brief, isolated cerebral cortex was homogenized with a Brinkman Polytron in 5 vol. of homogenization buffer, containing 320 mMsucrose, 0.5 mM-EDTA, 10 mM-Tris/HCl (pH 7.4) and 1 /tg of soybean trypsin inhibitor/ml. The homogenate was centrifuged at 500 g for 10 min, and the resultant supernatant was centrifuged at 10000 g for 30 min to pellet the membranes. The membranes were washed four times with homogenization buffer and then resuspended at 3 mg/ml in homogenization buffer. In the experiments indicated, membranes were further fractionated on a sucrose gradient as described by Koenig (1974 (Portzehl et al., 1964 ) and effectors to a total volume of 50 1l. Incubation was carried out at the indicated temperature for the desired time. Each experiment contained a zero incubation control containing all the components of the assay buffer. This blank value was subtracted from all experimental points. The incubation was terminated by the addition of 50 ,ul of ice-cold 100 mM-CDTA/ 1 mMmannitol, followed by 1.25 ml of acidified methanol/ chloroform (2: 1, v/v), 0.5 ml of chloroform and 0. To measure binding of substrate to membranes, membranes were incubated with PtdInsP2 at 0°C in a 50 #1 incubation volume under conditions similar to those described for the phospholipase C assay. Initial studies, however, showed that Ca2' at micromolar concentrations activated phospholipase C-mediated hydrolysis of PtdInsP2 even at this temperature, and this made it difficult to conduct the binding experiments. It was found that omission of Ca2" from the incubation buffer and inclusion of Mg2" allowed a more consistent measurement of binding, and these conditions were used in subsequent experiments. After incubation, 3 ml of icecold 50 mM-Tris/HCl buffer (pH 8.0) was added to the assay buffer. The solution was rapidly filtered through a Millipore rapid-filtration device, followed by two washes (3 ml each) with ice-cold 50 mM-Tris/HCI buffer (pH 8.0). Before use, the filters were soaked in 100 mMTris/HCl buffer (pH 8.0) containing IO M unlabelled PtdInsP2 to minimize binding of the substrate to the filters. Non-specific binding of substrate to the filter (measured in the absence of added protein) was generally 10 % of the total added label, and was subtracted from the experimental points.
Protein was determined by the dye-binding method of Bradford (1976 by membranes preincubated with PtdInsP2 for the indicated time and subsequently assayed in a 1000 ,u incubation volume at 30 'C. In these experiments 15 ,ug of membrane protein was incubated in 125 ,ul of buffer as described above. After the desired period of incubation, 100 ,u of this suspension was added to 5 ml of phospholipase C assay buffer maintained at 30 'C. At the indicated time 950 ,u of the assay mixture was withdrawn for assay of inositol phosphate production.
products produced after a 90 s incubation indicated that InsP3 (60 %o), InsP2 (26 %) and InsP (14 %) were formed, indicative of phospholipase C action. The next series of experiments was designed to determine whether the degree of association of PtdInsP2 with membranes affected the subsequently measured phospholipase C activity. In these experiments, the membranes were first incubated with PtdInsP2 under the indicated conditions in a 30,1 assay volume and then subsequently diluted into a final 50,tl or 1000 zl assay volume to measure phospholipase C activity. As shown in Fig. 4(a) , an enhancement of the degree of hydrolysis was evident with increasing time of preincubation with PtdInsP2. When the phospholipase C assay was carried out in a 1000l,l incubation volume to prevent further incorporation of substrate into the membrane during the assay, the effects of preincubation were accentuated. At 15 s, the hydrolytic activity, as measured in a 1000 l1 incubation volume, was approx. 5000 of that observed when the assay was conducted in a 50,1 volume. By 5 min of incubation, however, there was little difference in the hydrolytic rate measured in a 50 ,ul or 1000 ,ul assay volume. The time course for hydrolysis of the associated lipid in membranes preincubated with substrate for 15 or 300 s in a 30 ,ul volume and followed by a subsequent assay for phospholipase C activity in a 1000 Itd assay volume is shown in Fig. 4(b) . The results demonstrate that increasing the time ofprior incubation with substrate was associated with a subsequent increase in the measured phospholipase C activity. These results suggested that the degree of association of substrate with membranes affected the subsequently measured apparent phospholipase C activity.
The ability of PtdInsP2 to associate with membranes could clearly complicate studies on phospholipase C activity if incorporation of substrate into the membrane occurred concurrently with measurement of phospholipase C activity. Stimulation of phospholipase C activity could reflect both increased phospholipase C activity as well as increased accessibility to substrate. To ascertain whether the membrane-associated substrate was hydrolysed by a guanine-nucleotide-regulated phospholipase C, the following studies employed a protocol whereby membranes were first preincubated with substrate in a 30,u1 assay volume, diluted into a 1000l1O volume to minimize further incorporation of substrate and then assayed for phospholipase C activity. Initial studies indicated that decreasing the incubation temperature to 27°C and adjusting the Ca2l concentration to 33 nm would allow expression of a linear basal rate of hydrolysis, which was maintained for 15 min. As shown in Fig. 5(a) , under these conditions 50 /tMp[NH]ppG stimulated a rapid increase in phospholipase C activity. Increasing the Ca2" concentration to 100 nM increased phospholipase C activity (2.3 + 0.4 pmol/ ,ug after a 2 min incubation); p[NH]ppG at 50 /M produced a further increase in phospholipase C activity (3.7 + 0.4 pmol/,tg). Although these results demonstrate that Ca2" stimulates phospholipase C, the utilization of substrate at this Ca2+ concentration was very rapid and it was not possible to maintain a linear rate of hydrolysis. It has been reported that 100 ,M-EDTA stimulated phospholipase C activity (Rock & Jackowski, 1987) . As shown in Fig. 5(b) , incubation of membranes under conditions similar to those used by Rock & Jackowski (1987) , i.e. in the absence of both Ca2`and Mg2`but in the presence of 100 ,tM-EDTA, inhibited basal and p[NH]ppG-stimulated phospholipase C activity. Basal phospholipase C activity was not completely abolished, suggesting that trace amounts of Ca2+ were present in the assay buffer. Addition of 0.4 mM-MgCl2 promoted a marked increase in p[NH]ppG-stimulated phospholipase C activity, with little effect on basal phospholipase C activity. These results indicated that EDTA had not promoted a detrimental effect on the membranes, since p[NH]ppG-stimulated phospholipase C activity could be re-activated by the addition of Mg2+. Furthermore, these results demonstrate that 100 ,#M-EDTA does not stimulate phospholipase C activity.
To ascertain the specificity of the nucleotide stimulation in these membranes, the effects of a variety of nucleotides were examined. As shown in Table 1 (a) Membranes were preincubated with PtdInsP2 substrate in 500,l of buffer containing 25 mM-Hepes (pH 6.75), 12 mM-LiCl, 0.5 mM-MgCl2, 0.2 mM-EDTA, 3.5 ,uM-PtdInsP2 and 15 jug of membrane protei-n in an ice bath. After 5 min, 125ft1 of this mixture was added to 6 ml of buffer containing 25 mM-Hepes (pH 6.75), 12 mM-LiCl, 0.25 mM-MgCl2 (or no added MgCl2, 0.033 ,uM-Ca2+ as set by a Ca2+-EGTA buffer system) without (0) or with (0) 50 ,uM-p(NH)ppG at 27 'C. At the indicated times, a 0.95 ml sample was withdrawn and added to a tube containing 100 ,tl of 100 mM-CDTA, followed by addition of 1.25 ml of acidified chloroform/methanol (1:2, v/v) to terminate the incubation. In panel (b), both Ca2I and Mg2+ were omitted from the assay buffer and EDTA was present at 0.1 mM. At the time indicated 0.4 mM-MgCl2 was added to the incubation buffer.
Incubation was continued in the absence (El) or presence (-) of 50 /tM-p[NH]ppG. In all experiments, a zero-time blank was taken after the 5 min preincubation with substrate. Results are means+ S.E.M. for three experiments. Table 1 . Effect of nucleotides, pyrophosphate and carbachol on phospholipase C activity Membranes (3 ,ug) obtained from C fraction of the sucrose gradient were incubated in a 30 u1 incubation volume with PtdlnsP2 as described previously for 5 min. A 1 ml volume of incubation buffer containing 25 mM-Hepes buffer (pH 6.75), 12 mM-LiCl, 0.3 mM-MgCl2, 33 nm-Ca2+ as set by Ca2+-EGTA buffer, and the indicated additions were added. Incubation was for 8 min at 27 'C. Basal phospholipase C activity was 0.3 pmol/,ug. 
DISCUSSION
The present studies demonstrate that exogenously added PtdInsP2 is rapidly associated with cerebralcortical membranes and hydrolysed by phospholipase C (Figs. 1 and 2 ). At 0°C, near-maximal association of substrate with membranes was observed at 5 min. It is likely that the rate of association of substrate with membrane will be faster at temperatures which are used during a routine assay of phospholipase C activity. However, measurement of binding at these temperatures is difficult because of the concurrent activation of phospholipase C activity and hydrolysis of substrate. The mechanism or factors which regulate lipid association with cerebral-cortical membranes or other membranes is not known (Scheel et al., 1982 (Scheel et al., , 1985 Lenting et al., 1987 of PtdLnsP2 with membranes, however, was of sufficient affinity as to resist subsequent displacement by EDTA, suggesting that PtdInsP2 might be integrated into the membrane.
That the membrane-associated substrate was hydrolysed by phospholipase C during an assay with exogenous substrate-was supported by the following observations: (1) measured phospholipase C activity was relatively independent from the assay volume in preincubated membranes, and (2) increasing the length of time of preincubation of substrate with membrane was associated with a subsequent increase in measured phospholipase C activity. These data cumulatively indicate that the membrane-associated substrate was hydrolysed by phospholipase C. These studies do not rule out the possibility that hydrolysis of soluble substrate may also occur. However, substrate binding to membranes during a phospholipase C assay could greatly complicate the interpretation of the data, since measured increases or decreases in phospholipase C activity may reflect substrate-accessibility effects. The extent to which this may occur in other assay protocols and in different membrane preparations needs to be determined.
One possible way to circumvent possible concurrent effects of substrate association with membranes would be to use a protocol in which membranes were first preincubated with substrate for a fixed time, followed by assay for phospholipase C activity in an assay volume which diluted the unincorporated substrate and thus minimized further substrate association with the membrane. By using this approach, it was possible to establish conditions under which the rate of hydrolysis of PtdInsP2 was linear for 15 min (Fig. 5) . As has been previously reported (Litosch, 1987; Taylor & Exton, 1987) (Table 1) . GTP, GDP, ATP and PPi did not stimulate phospholipase C activity, indicating that stimulation of phospholipase C activity required a non-hydrolysable GTP analogue. Phospholipase C activity was also stimulated by carbachol in the presence of p[NH]ppG, but not in the absence of the nucleotide. These results indicated that the membrane-associated substrate was hydrolysed by a receptor-regulated phospholipase C and not simply bound to the membrane.
The results of these and other studies (Sasaguri et al., 1985; Litosch, 1987; Taylor & Exton, 1987; Fulle et al., 1987; Roth, 1987; Magnaldo et al., 1987; Portilla et al., 1988) , which have shown that Ca2+ activates phospholipase C activity, are in disagreement with the studies published by Rock & Jackowski (1987) , who reported that 100 ,M-EDTA and -EGTA stimulated phospholipase C activity, whereas Ca21 inhibited phospholipase C activity in crude platelet membrane and cytosol preprations. Furthermore, Rock & Jackowski (1987) reported that all nucleotides activated phospholipase C activity and that the effects of guanine nucleotides were due to chelation ofbivalent ions.
These results are inexplicable. The results in Fig. 5(b) clearly demonstrate that, in the absence of Ca2" and in the presence of 100 jtM-EDTA, phospholipase C activity was markedly inhibited, not stimulated. Although tissue differences may account for these discrepancies, studies on platelet phospholipase C purified from membranes have demonstrated that EDTA inhibits rather than stimulates phospholipase C activity (Banno et al., 1988) .
A recent comparison of the Rock & Jackowski (1987) protocol with the Homma assay indicated that the measured phospholipase C activity in fibroblast membranes in the absence of bivalent cations was approximately one-tenth the activity seen in the presence of bivalent cations (Huang et al., 1988) . These results indicate that bivalent cations stimulate, not inhibit, phospholipase C activity. It is possible that some of the effects reported by Rock & Jackowski (1987) reflect both the quality of the membrane preparation as well as the use of high concentrations of detergent and unbuffered Ca2" conditions. The present studies raise the same concerns for the use of exogenously added PtdInsP2 as have been raised in other studies utilizing exogenous substrate , namely the uniformity of the partitioning of substrate. Incubation conditions, solvents and peptides could alter the distribution or partitioning of substrate into different membrane components or within different vesicles within the same membrane preparation. This could clearly affect the measured phospholipase C activity if the assay occurs under conditions in which the substrate-membrane interaction is not at equilibrium. These considerations need to be weighed in the use of exogenously added PtdInsP2 for the assay of membrane phospholipase C activity. 
